In this study we have shown dislocations/defects can be introduced in the form of supramolecularly bound polyacrylic acid and urea based scaffold networks and metal oxide nanoparticles in concrete. By virtue of their supramolecular bonding sites, polyacrylic acid and urea create a network of struts. These struts act as dislocations in an otherwise uniform concrete structure which in turn increase the strength of the concrete. We have also shown that the length of these struts can also be controlled. Such a control over the strut length also led to influencing the strength of the concrete. In short we have shown that effective stress for unit matrix area can be reduced by introducing defects/dislocations in the form of struts which distribute the external applied stress. Consequently the higher the extent of dislocation, the larger is the capacity of the concrete matrix to withstand externally applied stress, the higher is its mechanical strength. We further added ZrO 2 and TiO 2 nanoparticles to the concrete matrix which enhance the thermal resistivity of the concrete.
Introduction
Defect free systems are normally strong and robust.
1 However, inclusion of defects can also enhance the strength of a system. [2] [3] [4] [5] From the enhanced strength of crumpled papers, 6 strength of a wet sand pile 7 to the improved mechanical strength with the incorporation of defects in the tilt grain boundaries of a mesoscopic material like graphene -all point to a counter intuitive phenomenon. 8 Defects can also increase strength. Recent works of Baughman et al. proposed novel mechanical properties for unit cells of different crystals in a so shear deformation mode resulting in negative volume thermal expansion coefficient and compressibility values. 9, 10 Abnormal mechanical properties shown both by inorganic as well as organic phases when they undergo stretches, have also been reported. 11 In spite of several such reports there is a lack of literature showing direct inuence of structural defects on the stability and strength of a system and how a network of defects can affect the microstructure and physical properties of a system. So, here we ask the following questions. What happens if we introduce defects into a uniform system like concrete? Can we enhance the strength of concrete following this path? Is it also possible to increase the thermal resistivity of concrete by the addition of nanoparticles imparting high thermal resistance?
Use of concrete as construction and building material has taken off since last century. Portland cement is a widely used material in making uniform concrete mixture. Importance of concrete in industrial elds has led scientists to check improved properties incorporating various ranges of additive materials, especially micro and nano dimensional additives into it, even in more recent days. [12] [13] [14] Additives for cements employed to enhance its durability and physical strength are of great interest to researchers and engineers. As a promising emerging technology in construction, nanotechnology has been applied in the production of concrete and proven to enhance the compressive properties (e.g., compressive strength, ductility, impact resistance) and reduce shrinkage and permeability, all of which contribute to extension of the concrete's service life. 15, 16 Use of materials like pozzolans, TiO 2 , SiO 2 and Fe 2 O 3 nanoparticles and also other materials are quite well known for last few years as compressive strength enhancers. [17] [18] [19] [20] [21] [22] [23] [24] [25] Exploration of possible mechanism for the impermeability of concrete and morter using nanomaterials, led to the role of nanomaterials as llers that give rise to well packed and less permeable microstructure.
26 Nanomaterials also help in the formation of high-density C-S-H structures via parallel packing resulting compactness as well as formation and growth of cement hydration products.
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Such enormous applicability, easy availability and simple microstructural environment have encouraged us to use concrete as the model system for our study. Here we verify whether a network of dislocations or defects in concrete system, introduced by a polymeric polyacrylic acid (PAA), can enhance the thermal and compressive stabilities of concrete for all such applications. Now we explain how.
Concrete is a heterogeneous mixture of metal oxides.
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However, many standard methods consider concrete on meso and microscopic scale to be structurally uniform. 29 Here we introduce polyacrylic acid network 30 to introduce defects and dislocations into concrete network. In this way we construct supramolecularly bonded network of dislocations and we nd formation of struts (Fig. 1B) in concrete mixture. Such strut formation leads to an enhancement of compressive and thermal strength of the defect-induced network.
31-34 As we incorporate urea (U) as another supramolecular synthon, (Scheme 1) this initiates non-covalent interaction of urea with PAA and because of the presence of ve hydrogen bonding sites in the synthons, a complex scaffold type network is observed 35, 36 ( Fig. 1C) . This further enhances the compressive and thermal strength of the complex network. We take a step further to incorporate metal oxide nanoparticles (TiO 2 and ZrO 2 ) inside the scaffold network to act as thermal resistivity enhancer in the network. It has been shown in various studies that in case of solid composite materials containing nano-sized particles, thermal resistance can be enhanced by incorporating smaller sized particles. 37, 38 This effect can be explained in the light of interfacial thermal resistance. As the particles become smaller their surface to volume ratio increases resulting higher interfacial thermal resistance. Phonon diffuse mismatch model suggests that an interface composed of two dissimilar materials provides better thermal resistance than two similar materials.
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This is why a composite material is expected to show better thermal resistance than virgin material.
We observe TiO 2 and ZrO 2 nanoparticles (NPs) embedded inside the scaffolds formed by PAA network (Fig. 1D) . The defects caused by PAA of the concrete composite network leads to higher compressive strength whereas, TiO 2 and ZrO 2 nanoparticles added to the thermal stability of the system. Scheme 1 represents the formation of scaffolds and nanoparticles embedded inside scaffolds.
Now we describe how we get these results in our laboratory.
Experimental section
Ordinary standard portland cement (OPC) is used as received. Acrylic acid and urea were purchased and used as obtained from Merck chemicals. ZrO 2 nanoparticles (<100 nm) and TiO 2 nanoparticles (<30 nm) were purchased from Sigma Aldrich. Locally available natural sand is used as ne aggregate.
Synthesis of polyacrylic acid (PAA)
Polyacrylic acid is synthesized as per our previously published paper. 30 60 g deionized water and 2 g sodium hydrogen sulte are added into a reactor and stirred until dissolved. The reactor then is slowly heated in an oil-bath and temperature is raised to 60 C. Aerwards, a mixture of 20 g acrylic acid, 0.2 g ammonium peroxydisulphate and 20 mL deionized water is mixed and fed into the reactor by adding the whole mixture drop by drop over 40 minutes. The solution is stirred at 60 C for another 1.5
hours. Later on, the reactor is cooled and the PAA so obtained is used for further experiments as described in the text.
Preparation of concrete mixtures
A series of concrete mixtures have been prepared in the laboratory trials with various compositions as specimens. All the mixtures are consisting of natural aggregates, cement and water. The water to binder ratio for all mixtures was set at 0.40. The aggregates for the mixtures consisted of a combination of crushed basalt and of ne sand, with 30 wt% of sand. The binder content of all mixtures was 450 kg m À3 .
Synthesis of defect induced networks
To synthesize defect induced networks of concrete we have taken a 4 : 1 volume by volume ratio of the additive with concrete. A composition of the additives is mentioned in Table 1 .
Spectroscopy and microscopy experiments
A LABRAM HR800 Raman spectrometer is employed using the 633 nm line of a He-Ne ion laser as the excitation source to analyse the sample. SEM (Scanning Electron Microscopy) images are acquired by a Zeiss Sigma microscope. 
X-ray diffraction experiments
The XRD patterns were obtained by Rigaku mini ex II, Japan, using CuK a radiation having an incident wavelength of 1.541Å operating under a voltage of 30 kV and a current of 50 mA. The scan rate was 12 min
À1
.
Determination of thermal resistivity
To check the thermal resistivity of the samples, blocks have been they are exposed to oxyacetylene ame containing oxygen pressure of 3.03 N m À2 and acetylene pressure of 4.14 Â 10 À2 N m À2 to make a hole through of xed radius and the exposure time is noted. Thermal resistivity for each sample is calculated by nding out the heat ow across a given thickness of the sample. Average of ve values from each specimen has been considered. Detailed procedure of calculation of thermal resistivity is mentioned in results and discussions section.
Results and discussions
Formation of 'dislocations'/struts and scaffolds and effects on complex structure thereof
We have shown earlier that supramolecular interaction can be used to induce gelation via cross-linking between supramolecular STAGs like PAA with urea, guanidine, and tartaric acid.
30
Here we proceed on to the next step where we have used high alkalinity of concrete media to induce enormous supramolecular cross-linking among oligomeric and polymeric PAA. Uniform concrete mixture contains various metal oxide particles and sand particles of large dimension; however the structure is uniform in the length scale of micrometers as seen in SEM image given in Fig. 1A . Addition of PAA into concrete mixture produces strut like structure, as evidenced from SEM image (Fig. 1B) . These struts can be taken as defects. Introduction of urea into the media results in the formation of scaffolds into the system, which emerges into a network of scaffolds at certain concentration of urea, as seen in the SEM (Fig. 1C) . We believe this is due to the possibility of supramolecular stacking of urea units in the network to form scaffolds. Further addition of TiO 2 and ZrO 2 NPs results in incorporation of inside the network of the scaffold (Fig. 1E) .
We now explain these observations. First we explain the formation of struts with the addition of PAA to concrete. Concrete media is highly alkaline. Such a high pH is due to the formation of metal hydroxides, specially Ca(OH) 2 inside concrete media by the reaction of water with metal oxides present in cement. Alkaline media of concrete is responsible for the deprotonation of some of the carboxylic acid groups to form carboxylates when PAA is added into concrete media. These carboxylates can interact very strongly with the protons of the remaining carboxylic acid groups resulting supramolecularly bonded network in the form of struts (Fig. 1B) . We propose these struts inside concrete acts as dislocations or defects in the otherwise structurally uniform system of concrete (Fig. 1A) . Addition of urea in the system serves to provide the system with a hydrogen bonding scaffold. Since urea has ve hydrogenbonding sites and is known to form supramolecular scaffolds, in our concrete system we observe addition of urea results in the formation of the scaffolds inside the system. Increased concentration of urea enhances number of scaffolds and 9.3% (w/w) of urea leads to the formation of a network of scaffolds spreading all over the concrete network (Fig. 1C) .
If we now focus on the structural transition from concrete to concrete with PAA and U, the following picture emerges. Concrete without any additive is a uniform system on microscopic (mm) length scale. Addition of PAA introduces struts in the system. We consider these struts as defects or dislocations in the system. Addition of urea creates extended network of scaffolds. In our view, addition of urea leads to the propagation of defects as an extended network. Question arises: what might be the direct consequence of such structural transitions on the strength or more precisely on the compressive strength of the concrete?
Comparison of compressive strength of all the samples is shown in Fig. 2 . Concrete, without any additive shows a compressive strength of 8.6 MPa. The compressive strength is increased to be 13.9 MPa as soon as we include dislocation in the form of struts by adding PAA in the alkaline media. This indeed signies that formation of struts in the system by supramolecular interactions acting as dislocations enhances the compressive strength of the system. Further addition of urea leads to further formation of scaffolds and thus more dislocations. Consequently the compressive strength increases to 18.2 MPa. To provide additional thermal resistance we have introduced ZrO 2 and TiO 2 nanoparticles in the system, along with urea and PAA. Interestingly, we observe that their introduction increases the compressive strength as well to 27 MPa. We believe such observation of improved compressive properties of the defect induced networks can be explained in the light of distribution of stress per unit area. Applied external stress is distributed over the whole network containing more dislocations resulting in less stress per unit area than the starting concrete matrix without dislocations. As the number of dislocations increases, there is more division of stress which enables the system to withstand more external stress. In other words, as the number of dislocations increases the effective stress (force per unit area) gets reduced due to 'branching off' of the applied external stress. Consequently the net stress felt by the concrete is low. Higher the extent of dislocations or higher the number of dislocations, (concrete with PAA), higher the network of dislocations (concrete with PAA-urea), lesser is the effective stress on the concrete and hence higher is the concrete's ability to withstand stress. Thus greater is its compressive stress. Consequently, concrete with networks of defects and scaffolds having PAA and urea has highest compressive strength of 18.2 MPa followed by compressive strength of concrete with PAA alone having a compressive strength of 13.9 MPa. It is in turn much higher than that of concrete alone (8.6 MPa) without any dislocations. We also observe that when the NPs go inside the concrete scaffold with PAA and urea they increase the compressive strength further to 27 MPa due to usual and reported NP impregnation effect. 40 In addition to that we believe the network of TiO 2 and ZrO 2 nanoparticles along with PAA scaffolds alter their adjacent environment and nally, the nanoparticles are more evenly distributed and hydrated, which result in higher fracture energy inherent in the cement phase.
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Now another question emerges. Since we know that extent of dislocations/defects inuence the compressive strength of the concrete, can we control the extent to which such dislocations are introduced? More precisely, is it possible to control the length of PAA struts for instance by changing PAA concentration? Does such control in turn also inuence the strength of the concrete as well? To do so, we change the extent of PAA addition along with urea in concrete.
We now look into the formation of scaffold networks induced by addition of PAA to regulate the strut length. We observe that for a constant concentration of urea if we increase the concentration of PAA, scaffold formation starts (Fig. 3A) . On increasing the amount of PAA, a network of scaffold is formed. Fig. 3B -E depicts the situation where network formation takes place with increasing PAA. We also observe that as a function of PAA concentration, the length of scaffold network increases gradually. We have also quantied the length of scaffold formation as a function of amount of PAA for a given urea concentration (Fig. 4) . We observe that on increasing PAA concentration keeping urea constant, the length of scaffold increases, and so does the compressive strength (Fig. 4B) . The increase in the length of scaffolds with PAA amount veries our proposition of supramolecular network formation between urea and PAA which in turn help to distribute externally applied stress throughout the network. Such redistribution of stress in turn leads to the enhancement of compressive strength of the concrete systems.
We observe the length of the PAA strut bears a linear relation with the compressive strength of the concrete. Hence in short, we are able to perform four functions simultaneously.
(1) We can introduce defects/dislocations controllably. (2) We can control the length scale of these dislocations. (3) By introducing defects/dislocations and controlling the length scales we can enhance strength of the concrete.
(4) Further introducing NPs we can enhance the concrete strength further signicantly. We now describe this last step, in detail.
On addition of TiO 2 , ZrO 2 nanoparticles
We have embedded ZrO 2 (ZNP) and TiO 2 nanoparticles (TNP) into the network structure. The stabilization of nanoparticles inside the scaffolds, we believe is responsible for incorporation inside the scaffold network without any external inuence. Fig. 1D depicts ZrO 2 and TiO 2 nanoparticles in concrete matrix in absence of PAA and urea. Fig. 1E shows ZrO 2 and TiO 2 nanoparticles seated inside scaffolds formed by PAA and urea.
Nanoparticle incorporation has been conrmed by scanning Nanoparticle incorporation has been conrmed by scanning electron microscopy ( Fig. 1D and E) , Raman spectroscopy (Fig. 5) and powder X-ray diffraction analysis (Fig. 6 ). Raman spectra of concrete does not show any signicant peak, whereas doped ZrO 2 concrete exhibits band at 190, 343, 474 and 635 cm À1 , corresponding to A g , B g , A g and 2A g modes of the NPs (Fig. 5) . In case of TiO 2 doped concrete, Raman bands are observed at 149 (E g ), 201 (E g ), 394 (B 1g ), 514 (A 1g & B 1g ) and 638 (E g ) cm À1 . We have used a Raman spectrophotometer attached with microscope by which we hit the laser beam selectively on scaffolds instead of any random area. These allowed Raman bands are thus indicative of incorporation of ZrO 2 and TiO 2 nanoparticles inside concrete media. XRD patterns also conrm the incorporation of nanoparticles (Fig. 6) . Fig. 6a signies XRD data of concrete where s, c 0 are h are corresponding reections for SiO 2 , CaCO 3 and Ca(OH) 2 respectively. Broad peaks observed for TiO 2 and ZrO 2 are indicative of nanoparticles ( Fig. 6b-d) . The results are in agreement with Raman spectral data.
Measurements of thermal resistivity of the specimens
Thermal resistivity of a specimen is the temperature difference between two dened surfaces of the material at steady state which induces a unit heat ow rate through a unit area. In present case, to measure the thermal resistivity of the specimens we have prepared blocks (4 cm Â 3 cm Â 1 cm) of all specimens using general concrete block preparation technique. Then the blocks were exposed to oxy-acetylene ame to make a hole of xed diameter into them.
To measure the thermal resistivity, we rst calculate the thermal conductivity (l) of the specimens exposed to oxyacetylene ame conductivity using eqn (1) .
here, Q is the amount of heat passing through a cross section (A) and causing a temperature difference (T) over a distance of L.
(Q/A) is therefore the heat ux which is causing the thermal gradient (T/L). Now, amount of heat passing through the specic cross section can be expressed as, Q ¼ mcq, where m ¼ mass of the cross sectional area, c ¼ specic heat of the specimen and q ¼ temperature of the heat source.
As we now know the value of thermal conductivity (l) of a specimen, thermal conductivity per unit second is k ¼ l/t; (t is time of heat ow in second). So, thermal resistivity per unit second, r ¼ 1/k.
'q' is considered as 3273 K for oxy-acetylene ame. 41 't', here is the time needed in second to make a hole through the specimen block using the ame. Aer exposure, the cross section of the hole made is considered as 'A' which is 0.0007 m 2 .
Mass of the block of equal volume of hole is taken as 'm'. Specic heat for each specimen is taken from literature and tabulated in Table 2 . In case of specic heat of composite materials, specic heat calculation experimentally is beyond our scope, so simple additive rule is applied ( Introduction of urea in system results r value to 2.5 W À1 m K.
Results of thermal resistivity measurement have been shown in Table 4 & in Fig. 7 .
Infrared (IR) spectroscopic investigations
Formation of scaffolds also has also been shown from infrared (IR) spectroscopic investigations. We have performed IR spectroscopic analysis for all the samples. The results are shown in Fig. 8 . For easy understanding of the spectra, spectrum of concrete is subtracted from each of the spectrum. Concrete with PAA shows a band at 1615 cm À1 which signies COO À asymmetric stretching in the network coming from PAA. As soon as we added urea into the system new spectral bands were visible at 1525, 1441 and 1390 cm À1 which were due to N-H deformation, in plane O-H bending and C-H bending modes, respectively. Appearing of such spectral modes along with lowering in intensity of COO À asymmetric stretching mode in PAA is indicative of supramolecular interaction between PAA and urea which leads to formation of scaffolds inside concrete network. Table 3 Calculation of Q for all specimens, q ¼ 3273 K, Q ¼ q P mc Table 4 Calculation of thermal resistivity (r) of the specimens 
Conclusions
To summarize, we have shown how we could introduce dislocations/defects in the form of supramolecularly bound PAA and urea based scaffold networks and metal oxide nanoparticles. By virtue of their supramolecular bonding sites, polyacrylic acid and urea create a network of struts. These struts act as dislocations in otherwise uniform concrete structure. The struts in turn increase the strength of concrete. The length of these struts can also be controlled. Such a control has also been shown to inuence the strength of the concrete. In short we show that defects/dislocations in the form of struts distribute the external applied stress and thereby reduce the effective stress for unit matrix area. Consequently higher the extent of dislocation, larger is the capacity of the concrete matrix to withstand externally applied stress, higher is its mechanical strength. We further incorporated ZrO 2 and TiO 2 nanoparticles inside scaffolds which enhance thermal resistivity of the concrete. ZrO 2 and TiO 2 nanoparticles are responsible for enhanced thermal resistivity of the composite concrete. The work could have practical applications in making of concrete with enhanced compressive and thermal strength.
